Control of the spindle checkpoint by lateral
kinetochore attachment and limited Mad1
recruitment
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ABSTRACT We observed the dynamic recruitment of spindle checkpoint proteins Mad1 and
Bub1 to detached kinetochores in budding yeast using real-time live-cell imaging and quanti-
fied recruitment in fixed cells. After induced de novo kinetochore assembly at one pair of
sister centromeres, Mad1 appeared after the kinetochore protein Mtw1. Detached kineto-
chores were not associated with the nuclear envelope, so Mad1 does not anchor them to
nuclear pore complexes (NPCs). Disrupting Mad1’s NPC localization increased Mad1 recruit-
ment to detached sister kinetochores. Conversely, increasing the number of detached kineto-
chores reduced the amount of Mad1 per detached kinetochore. Bub1 also relocalized com-
pletely from the spindle to detached sister centromeres after kinetochore assembly. After
their capture by microtubules, Mad1 and Bub1 progressively disappeared from kinetochores.
Sister chromatids that arrested with a lateral attachment to one microtubule exhibited half
the Mad1 of fully detached sisters. We propose that detached kinetochores compete with
alternate binding sites in the nucleus to recruit Mad1 and Bub1 from available pools that are
small enough to be fully depleted by just one pair of detached kinetochores and that lateral
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attachment licenses Mad1 removal from kinetochores after a kinetic delay.

INTRODUCTION

Mechanisms to ensure that chromosomes are faithfully segregated
are critical for maintaining hereditary continuity and avoiding aneu-
ploidy-related diseases such as cancer in multicellular organisms.
Chromosome missegregation is particularly harmful because it al-
ters the dosages of numerous genes. A crucial cell cycle event
therefore is initiation of chromosome segregation at the meta-
phase—anaphase boundary. The spindle checkpoint controls the
timing of this transition by inhibiting the anaphase-promoting com-
plex (APC) and its substrate specificity factor Cdc20 until all the
chromosomes are properly organized on the spindle. Conditions
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that satisfy the spindle checkpoint relieve APCC420 inhibition, allow-
ing APCC4<20 to trigger the precipitous and irreversible loss of cohe-
sion between sister chromatids, thereby initiating anaphase chro-
mosome segregation (reviewed in Musacchio and Salmon, 2007;
Foley and Kapoor, 2013).

A key spindle checkpoint effector is the stable complex formed
by Mad1 and Mad2 (Mad1/2), which localizes to kinetochores with
defective attachments, at least in part through an interaction be-
tween Mad1 and Bub1 regulated by phosphorylation of Bub1 (Li
and Benezra, 1996; Chen et al., 1998; Gillett et al., 2004; London
and Biggins, 2014; Moyle et al., 2014). At kinetochores, Mad1/2 ac-
tivates soluble copies of Mad2 to form inhibitory complexes with
Cdc20 and APCC420 (Lj et al., 1997; Fang et al., 1998; Hwang et al.,
1998; Kim, 1998; De Antoni et al., 2005). Kinetochore localization of
Mad1 is necessary for the checkpoint response to kinetochore de-
tachment (Kastenmayer et al., 2005; Scott et al., 2005; Rodriguez-
Bravo et al., 2014). Forced localization of Mad1 to kinetochores is
sufficient to induce checkpoint arrest, even in the absence of attach-
ment defects (Maldonado and Kapoor, 2011; Ballister et al., 2014;
Kuijt et al., 2014). Thus Mad1 is a key marker of checkpoint activity
at individual kinetochores, and its timely removal from kinetochores
is an essential step toward checkpoint silencing.
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Mad1/2 also localizes to nuclear pore complexes (NPCs; Chen
etal., 1998; Campbell et al., 2001; louk et al., 2002). Evidence from
human cells indicates that during interphase, NPC-localized Mad1/2
complexes generate a mitotic timing signal that imposes a mini-
mum delay for anaphase initiation irrespective of progress toward
biorientation (Rodriguez-Bravo et al., 2014). In yeast, NPC localiza-
tion of Mad1 is required for the Kap121-transport inhibitory path-
way (KTIP), a branch of the checkpoint that blocks nuclear import of
Glc7, a protein phosphatase that opposes the checkpoint-activating
kinases (Pinsky et al., 2009; Cairo et al., 2013). However, it is possi-
ble that the KTIP is not conserved in cells that undergo nuclear en-
velope breakdown (NEB) in mitosis, and Mad1 localization to NPCs
may also have other, as-yet-undescribed functions. Here we investi-
gate whether NPCs limit the availability of Mad1 to kinetochores.

A long-standing goal is to determine which events or conditions
are directly monitored by the spindle checkpoint. A central chal-
lenge, therefore, is to understand how Mad1 is recruited to and re-
moved from kinetochores and, in particular, to identify the modes of
kinetochore-microtubule interaction that permit or exclude Mad1
binding to the kinetochore. Although this has been the subject of
numerous experiments in many organisms (reviewed in Pinsky and
Biggins, 2005; Khodjakov and Pines, 2010), it has been challenging
to resolve the issue, in part because in most eukaryotic species,
each kinetochore binds to multiple microtubules, allowing partial
microtubule occupancy or simultaneous interactions with microtu-
bules from both spindle poles. We avoided this complication by
examining Saccharomyces cerevisiae cells, since each kinetochore
binds to one microtubule in this yeast (Winey et al., 1995). Using
both real-time fluorescence microscopy of living cells and quantita-
tive fluorescence analysis of fixed cells, we examined the recruit-
ment of Mad1 to a pair of detached sister centromeres after induc-
ing de novo kinetochore assembly and observed its removal after
kinetochore capture by microtubules. We also extended our analy-
sis to examine Bub1 dynamics in the context of induced de novo
kinetochore assembly. Our findings show the importance of lateral
attachment and competition between different nuclear binding sites
for Mad1 and Bub1 as key determinants of the spindle checkpoint
response to unattached kinetochores.

RESULTS

Real-time analysis of kinetochore assembly and spindle
checkpoint activation

How rapidly the spindle checkpoint responds to kinetochore de-
tachment after kinetochore assembly and in what manner Mad1 is
initially recruited to kinetochores are not known. To observe Mad1
recruitment to detached kinetochores, we used a centromere reac-
tivation assay (Tanaka et al., 2005). The assay allowed us to condi-
tionally inactivate the centromeres of a single pair of sister chroma-
tids (CEN3s on chromosome 3) in metaphase-arrested cells in order
to remove the kinetochore proteins from the CEN3 centromeres
and detach these chromosomes from the spindle. The centromeres
could then be synchronously reactivated to assemble new kineto-
chores on the centromeric DNA (schematized in Supplemental
Figure S1A). After centromere reactivation in cells expressing green
fluorescent protein (GFP)-TUB1, marking the microtubules, and
TetR-GFP, marking TetO-tagged centromeres, we observed capture
events in approximately 42% of cells over 32 min of observation
(Supplemental Figure S1B), with kinetics very similar to that pub-
lished by Tanaka et al. (2005; Supplemental Figure S1C). Centro-
meres were captured on average 1300 nm (650 SD, n = 85 centro-
meres) from the spindle and, after capture, translocated on
microtubules at an average velocity of 970 nm/min (610 SD, n=84
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centromeres), also in agreement with the results of Tanaka et al.
(2005, 2007). Newly assembled kinetochores are expected to trig-
ger the spindle checkpoint and recruit Mad1, since they are initially
detached from the spindle (Chen et al., 1998; Gillett et al., 2004;
Tanaka et al., 2005). To visualize the initial Mad1 recruitment to de-
tached centromeres, we expressed a Mad1-3xmCherry fusion pro-
tein from the endogenous MADT locus (Supplemental Figure S1, D
and E). After centromere reactivation, Mad1 accumulated at centro-
meres and then continuously colocalized with them as they moved
within the nucleus (Figure 1A, and Supplemental Figure S2, A and B,
and Supplemental Video S1).

Mtw1 is a component of the microtubule-binding kinetochore
protein network named KMN, after its key components in
Caenorhabditis elegans, KNL-1 (Spc105 in yeast), the Mis12 com-
plex (the Mtw1 or MIND complex in yeast), and the Ndc80 complex
(Westermann et al., 2003; Cheeseman et al., 2006). Previous studies
established that Mad1 requires outer kinetochore components for
its localization to kinetochores (Gillett et al., 2004; Kim et al., 2012;
London and Biggins, 2014; Moyle et al., 2014). Mtw1 requires DNA-
binding kinetochore components, but not outer kinetochore com-
ponents, for its own recruitment (Westermann et al., 2003; Cheese-
man et al., 2004; Collins et al., 2005; Przewloka et al., 2007; Lampert
et al., 2013). We therefore examined Mad1 recruitment with refer-
ence to the appearance of Mtw1 at kinetochores to estimate how
rapidly Mad1 responds to detached kinetochores after their de
novo assembly (Figure 1B, Supplemental Figure S2, C and D, and
Supplemental Video S2). Mtw1-3xGFP foci were detectable 6 min,
35 s (1 min, 53 s SD) after centromere reactivation, and Mad1 first
appeared to continuously associate with detached centromeres
6 min, 55 s (£1 min, 53 s SD) after centromere reactivation (Supple-
mental Figure S2E). By comparing appearance times at individual
centromeres, Mad1 was detected at the centromere after Mtw1 in
18 of 40 cells and before Mtw1 in only 2 of 40 cells (Figure 1C). In
the remaining cells, Mad1 and Mtw1 were first detected in the same
frame. On average, Mad1 appeared after Mtw1 with a delay of 24 s
(#51 s SD; n =40 centromeres; p < 0.01, Student’s paired one-tailed
t test; Figure 1C and Supplemental Figure S2E). Although we occa-
sionally observed the intensities of both Mtw1 and Mad1 to increase
concurrently, movement of the centromeres in the z-dimension
might also account for concurrent changes in the fluorescence in-
tensities of Mtw1 and Mad1. Thus we could not determine unam-
biguously whether individual Mad1 and Mtw1 proteins accumulate
contemporaneously or whether Mad1 requires full incorporation of
Mtw1 into the kinetochore before its own initial recruitment. Move-
ment in the z-dimension, as well as the limited temporal resolution
of our imaging scheme (10 s/frame) and incomplete fluorescent pro-
tein maturation, could also account for events in which Mtw1 ap-
pears at kinetochores earlier than, or simultaneously, with Mad1,
which might lead to underestimation of the average delay between
Mtw1 and Mad1 arrival. In any event, our measurements are consis-
tent with the prediction that Mad1 responds to kinetochore detach-
ment after Mtw1 assembles at the kinetochore.

Detached kinetochores compete with NPCs and other
detached kinetochores for Mad1

Because Mad1 localizes to NPCs and to detached kinetochores,
these structures may compete to recruit Mad1 from the pool of un-
bound Mad1. Moreover, if NPCs sequester a sufficiently large frac-
tion of the Mad1 molecules, they could limit the amount of free
Mad1 available to bind to detached kinetochores. We therefore
asked whether disrupting Mad1-binding sites at nuclear pores af-
fects the amount of Mad1 localized to detached kinetochores. We
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FIGURE 1: Mad1 recruitment to de novo assembled kinetochores. Cells bearing MET3pr-CDC20 and GAL1pr-CEN3-
TetOs were grown for 3 h at 25°C in YP medium plus 2 mM methionine, 2% raffinose, and 2% galactose to synchronize
cells in metaphase and inactivate CEN3. The cells were then released into synthetic medium plus 2 mM methionine
containing 2% glucose at 25°C to reactivate CEN3 and then analyzed by epifluorescence microscopy, taking z-stacks
every 10 s. Representative deconvolved, Gaussian-filtered MIPs are shown in A and B; scale bars, 1 um. (A) Time series
of Mad1-3xmCherry accumulation at a reactivated centromere in cells also expressing GFP-Tub1 and TetR-GFP
(Supplemental Video S1). (B) Time series of Mad1-3xmCherry and Mtw1-3xGFP accumulation at a reactivated
centromere (Supplemental Video S2). (C) Time lag between the first frame in which Mtw1 was detected and the first
frame in which Mad1 was detected for at least five consecutive frames.

found that it did. For this experiment, we measured the Mad1 inten-
sity at detached sister centromeres in fixed cells at specified time
points after centromere reactivation. In wild-type cells, Mad1 accu-
mulated at reactivated sister centromeres until reaching a plateau
after 15 min (Figure 2, A and B). Nup6é0 links Mlp1 and Mip2 to
the inner nuclear basket of the NPC. Deletion of Nupé0 abolishes
the NPC localization of the Mlps and Mad1/2, although a portion of
the Mlps and Mad1/2 can remain localized to a spot on the nuclear
envelope, called an Mlp focus, whose functional significance is un-
known (Feuerbach et al., 2002; Scott et al., 2005). We found that
deletion of NUP60 increased the total amount of Mad1 recruited to
the newly assembled centromeres, resulting in a 35% increase in
Mad1 intensity at centromeres at saturation compared with wild type
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(p < 0.01, extra sum-of-squares F test; Figure 2, A and B). Deletion of
the genes encoding both the Mlps releases Mad1/2 from NPCs, as
well as from Mlp foci (Scott et al., 2005). Cells lacking the Mlps exhib-
ited a 55% increase in Mad1 intensity at centromeres compared with
wild-type cells (p < 0.01, extra sum-of-squares F test; Figure 2, A and
B). We also observed that significantly more Mad1 colocalized with
spindles in cells lacking either Nup60 or the Mlps compared with
wild-type cells at all time points, with a greater effect in mlpTA mip2A
cells than in nupb0A cells (p < 0.01, Student’s unpaired one-tailed
t tests; Figure 2C). Attachment defects due to spindle abnormalities
might account for the increased colocalization of Mad1 with spindles
in our mlp 1A mip2A cells, since loss of MIp2 is known to cause some
spindle pole body (SPB) defects (Niepel et al., 2005). Nevertheless,
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the degree of Mad1 enrichment on reactivated sister centromeres
correlated with the previously reported severity of disruption of
Mad1-binding sites at the nuclear envelope in these different mu-
tants (Scott et al., 2005), supporting the idea that both NPCs and
Mlp foci sequester Mad1 from kinetochores.

In addition to causing a loss of the ability to recruit Mad1 to
NPCs, deletion of Nup60 or the Mlps also disrupts the KTIP, a signal-
ing pathway that inhibits the import of cargoes of the nuclear trans-
port factor Kap121 through NPCs during mitosis and in response to
nocodazole (Cairo et al., 2013). To determine whether the increased
Mad1 recruitment to detached sister centromeres in these mutants
was due to loss of the KTIP, we also examined the consequences of
deleting Nup53, a Mad1-interacting nucleoporin that directly binds

Time Since CEN Reactivation (min)

Kap121 and inhibits nuclear accumulation of Kap121 (Makhnevych
etal., 2003). Of importance, in contrast to cells lacking Nupé0 or the
Mlps, Mad1 localization to NPCs is fundamentally undisturbed in
the absence of Nup53 (louk et al., 2002; Scott et al., 2005; Figure 2A).
We found that Mad1 recruitment to detached sister centromeres in
cells lacking Nup53 was indistinguishable from recruitment in wild-
type cells (Figure 2B). The increased Mad1 recruitment to detached
centromeres in the absence of Nupé0 or the Mlps, therefore, is not
the result of losing the KTIP, because the pathway is defective in all
three of the mutants. In addition, we further showed by immunob-
lotting that Mad1 is present in nup53A, nupé0A, and mip1A mip2A
cells at wild-type levels (Supplemental Figure S1E), indicating that
our results are not due to differences in Mad1 expression or stability.
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Effect of disrupting Mad1 binding to NPCs and Mlp foci on the amount of Mad1 recruited to a pair of
detached sister centromeres. Wild-type, nup53A, nupbé0A, and mlp 1A mip2A cells expressing Mad1-3xmCherry,
GFP-Tub1, and TetR-GFP and bearing MET3pr-CDC20 and GAL1pr-CEN3-TetOs were grown for 3 h at 25°C in YP
medium plus 2 mM methionine, 2% raffinose, and 2% galactose to synchronize cells in metaphase and to inactivate
CENB3. The cells were then released into synthetic medium plus 2 mM methionine containing 2% glucose at 25°C to
reactivate CEN3. Cells were fixed after centromere reactivation at the indicated time points before imaging by
epifluorescence microscopy. (A) Representative MIPs from each strain at each time point are shown. Scale bars, 1 pm.
(B) Normalized Mad1 intensity at detached centromeres. Samples included at least 16 centromeres (mean of 108,
median 113) for each strain at each time point. (C) Normalized Mad1 intensity at spindles. Samples included at least
153 spindles (mean of 454, median of 430) for each strain at each time point. Mean of three independent experiments.

Error bars represent SEM. *p < 0.05.
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Taken as a whole, our data suggest that NPCs sequester Mad1, pre-
venting it from associating maximally with kinetochores or other
Mad1-binding sites by limiting its availability.

The fact that releasing Mad1 from NPCs and Mlp foci increased
Mad1 binding to centromeres in the reactivation assay implies that
the concentration of free nuclear Mad1 is subsaturating for kineto-
chores, even when only one pair of chromosomes is detached from
the spindle, as in the centromere reactivation assay. We reasoned
that if this is true, kinetochores must also compete with one an-
other for Mad1 binding. We tested this prediction in two ways. We
repeated the analyses in cells bearing temperature-sensitive muta-
tions that perturb kinetochore—-microtubule attachments (Figure 3,
A and C) and also in cells treated with the microtubule-destabiliz-
ing drug nocodazole to detach additional kinetochores (Figure 3,
D and E).

Kar3 is a minus end-directed kinesin involved in lateral capture
and kinetochore transport along the sides of microtubules, and
Dam1 is the eponymous subunit of the Dam1 complex required for
end-on attachment and microtubule depolymerization—driven ki-
netochore transport (Tanaka et al., 2005, 2007; Westermann et al.,
2006). When either the kar3-64 and dam1-1 temperature-sensitive
mutant was cultured for 45 min at 37°C, a restrictive temperature,
we found that more Mad1 colocalized with spindles compared with
wild-type cells at the time of centromere reactivation, consistent
with an increased frequency of kinetochore-microtubule attach-
ment defects in these mutants (p < 0.01, Student’s unpaired one-
tailed t tests; Figure 3, A and C). As predicted, less Mad1 accumu-
lated at detached centromeres in these mutants, despite expressing
Mad1 at a level indistinguishable from the level in the wild-type
strain, as judged by immunoblotting (Supplemental Figure S1E).
Centromeres in dam1-1 cells recruited 13% less Mad1 than wild-
type cells, and centromeres in kar3-64 cells recruited 37% less Mad1
(p < 0.01, extra sum-of-squares F tests; Figure 3B).

Next we asked whether disruption of additional kinetochore at-
tachments at a normal growth temperature by treatment with no-
codazole also affected the amount of Mad1 recruited to reactivated
centromeres. As expected, in the majority of the cells exposed to
nocodazole for 3 h at 25°C before centromere reactivation, the de-
tached centromere was the only visible green spot (Figure 3D, no-
codazole-treated cells at 0 min), although in some cells, spindle
remnants could be seen (Figure 3D, nocodazole-treated cells at
20 min). Mad1 also accumulated at one or a few bright spots in
these cells, which likely correspond to unlabeled detached kineto-
chores (Figure 3D, nocodazole-treated cells; see the next section
and Figure 4, A and B, and Supplemental Figure S3A). As with the
temperature-sensitive mutants described earlier, we found that the
amount of Mad1 recruited to the labeled centromeres 20 min after
their reactivation was reduced by 17% in the cells treated with no-
codazole compared with untreated cells (p < 0.01, Student's paired
one-tailed t test), whereas dimethyl sulfoxide (DMSO) had no effect
(Figure 3E). Taken together, these findings suggest that Mad1-bind-
ing sites at unattached kinetochores compete with one another, in
addition to competing with NPCs, to recruit Mad1 from a limiting
nucleoplasmic pool. We later discuss the implications of these re-
sults with respect to checkpoint sensitivity.

Mad1 does not physically link detached kinetochores

to nuclear pore complexes

Because Mad1’s NPC and kinetochore localization domains are en-
coded by domains on opposite ends of the primary amino acid se-
quence (Kastenmayer et al., 2005; Scott et al., 2005), Mad1 might
potentially interact with these structures simultaneously. During
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interphase in fission yeast, kinetochores are anchored to the nuclear
envelope independent of microtubules (Funabiki, 1993; Hou et al.,
2012), and in budding yeast, Mlp1 and Mlp2 tether a subset of
stress-inducible gene loci to NPCs (Tan-Wong et al., 2009; Bermejo
et al., 2012). We therefore investigated whether the Mlps might
similarly position budding yeast kinetochores that are detached
from microtubules to the nuclear envelope by binding to Mad1.

During the normal cell cycle in budding yeast, detached kineto-
chores appear only briefly during S phase, after centromere replica-
tion and de novo kinetochore assembly (Kitamura et al., 2007). Con-
sistent with this observation, when we fluorescently labeled Mtw1
and the SPB component Spc42 to use as references for assessing
kinetochore attachment, we observed detached kinetochores in
only 12% of asynchronously dividing cells, and then exclusively in
cells with unduplicated SPBs (Figure 4, A and B, and Supplemental
Figure S3A). However, detached kinetochores accumulated after
depolymerization of microtubules with nocodazole, even in cells
with duplicated SPBs (Figure 4, A and B, and Supplemental Figure
S3A). To quantitatively analyze the spatial distribution of detached
and attached kinetochores, we developed an algorithm to assign
fluorescent foci to one of three concentric subnuclear zones of equal
area, using Nsg1 as a marker for the nuclear periphery (Figure 4C
and Supplemental Figure S3B; Materials and Methods; Dieppois
et al., 2006; Taddei et al., 2006). We postulated that if Mad1 links
detached kinetochores to NPCs, then the localization of detached
kinetochores should be biased toward the nuclear periphery. How-
ever, using our algorithm and analyzing more than at least 600 ki-
netochores per condition, we found at all time points examined af-
ter nocodazole treatment that detached kinetochores were
randomly distributed in the nucleus (Figure 4F), in contrast to at-
tached kinetochores and SPBs, which were concentrated at the nu-
clear periphery (Figure 4, D and E). Moreover, we obtained concor-
dant results when we measured the distribution of detached
kinetochores manually (Supplemental Figure S3C), and also when
we used Mtw1 fluorescence intensity, instead of Spc42 as a means
of classifying kinetochores as detached (Supplemental Figure S4).
Thus we found no evidence that Mad1 tethers detached kineto-
chores to the nuclear periphery, in agreement with our conclusion
that Mad1-binding sites at the nuclear envelope compete with de-
tached kinetochores to recruit Mad1 instead of simultaneously bind-
ing the same Mad1 molecules.

Mad1 disappears from sister centromeres upon their
retrieval to the spindle, and its timely removal depends

on Nup60

It is unclear whether the checkpoint distinguishes between kineto-
chore associations with the sides of microtubules (lateral attach-
ments) and interactions with the microtubule plus end (end-on at-
tachments). To determine which mode(s) of attachment satisfy the
spindle checkpoint, we used live-cell imaging and evaluated the
timing and manner of Mad1 removal after kinetochore capture. For
this purpose, we observed cells expressing Mad1-3xmCherry, TetR-
GFP, and GFP-Tub1 using real-time microscopy (Figure 5 and Sup-
plemental Figure S5). Centromere capture was defined as when
sister centromeres initiated a processive directional movement to-
ward the spindle. Completion of capture was defined as when the
fluorescence of the centromere could no longer be distinguished
from the spindle fluorescence. In all cells examined, Mad1 was de-
tected at the centromere before the capture event. Similarly, Mad1
disappeared from the centromere after the capture event, although
the last frame at which Mad1 could be detected at sister centro-
meres varied from cell to cell (Figure 5F). In the majority of cells
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(18 of 29 cells), Mad1 disappeared from the centromere before it
arrived at the spindle (Figure 5F). Because centromeres and micro-
tubules were both tagged using GFP, we could not always observe
the individual capturing microtubules and therefore could not dis-
cern the mode of attachment. However, on occasion, we could
clearly resolve the capturing microtubule (Figure 5). We were also
aided by kymograph and fluorescence intensity analysis (Supple-
mental Figures S5 and S6). In kymographs, the conversion from a
lateral to an end-on attachment is accompanied by a change in the
slope of the centromeres’ changing position over time (events
marked “2" in Figure 5 and Supplemental Figure S5) resulting from
the different average velocities of Kar3-mediated lateral transport
and Dam1-mediated end-on transport (600 and 1500 nm/min, re-
spectively; Tanaka et al., 2007).

In some cases, Mad1 was no longer detectable at the centro-
mere soon after end-on transport began (Figure 5A, Supplemental
Figures S5, A and B, and S6A, and Supplemental Video S3). In other
cells, however, Mad1 clearly remained colocalized with the centro-
mere until after the centromere arrived at the spindle (Figure 5B,
Supplemental Figures S5, C and D, and S6B, and Supplemental
Video S4). The mean velocity of sister centromere transport in-
creased in 75.4% of cells after Mad1 depletion (n =57 centromeres).
The velocity increased from 530 (620 SD, n = 62 centromeres) to
1280 nm/min (£1060 SD, n = 72 centromeres), which are similar to
the velocities of lateral and end-on transport, respectively (Tanaka
etal., 2007). This coincidence suggested that perhaps the establish-
ment of an end-on attachment might be sufficient to license Mad1
removal from both sister centromeres. On average, however, Mad1’s
disappearance coincided with the completion of centromere cap-
ture (2 s before, n = 29 centromeres; Figure 3F). Because biorienta-
tion occurs rapidly after the completion of centromere retrieval
(Tanaka et al., 2005), the average is more consistent with the idea
that both sisters need to interact with microtubules before Mad1 is
fully removed from them. However, there may be a kinetic delay
between the event that licenses Mad1 removal (e.g., the establish-
ment of a lateral or an end-on attachment) and the timing of Mad1
disappearance due to a requirement for modifications of the kineto-
chore that reduce Mad1 affinity.

If Mad1 is eliminated from captured kinetochores by a combi-
nation of exchange and modification of its binding sites, the con-
centration of free nuclear Mad1 could influence the kinetics of
Mad1 disappearance. We asked, therefore, whether releasing
Mad1 from NPCs influences the timing of Mad1 disappearance
from sister centromeres after their capture by microtubules. Be-
cause of the increased localization of Mad1 to spindles in mlp1A
mlp2A cells (Figure 2C), we limited our analysis to nup53A and
nupé0A cells and considered only the centromeres of cells in which
Mad1 did not colocalize with the spindle before centromere cap-
ture. We found that the timing and manner of Mad1 disappear-
ance in nup53A-negative control cells were indistinguishable from
those in wild-type cells (Figure 5, C and F, Supplemental Figures
S5, E and F, and S6C, and Supplemental Video S5). In contrast,
Mad1’s disappearance was delayed 1 min, 50 s on average in
nup60A cells such that Mad1 continued to colocalize with centro-
meres until after they arrived at the spindle in the majority of cells
(70%, n = 20 cells; Figure 5, D and F, Supplemental Figures S5, G
and H, and SéD, and Supplemental Video Sé). The consequences
of NUP60 deletion in the reactivation assay were largely specific to
Mad1 localization, since we failed to detect differences relative to
wild-type cells in several other parameters that we measured after
centromere reactivation, including the timing of capture after reac-
tivation, the distance of centromeres from the spindle at the time
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of capture, and the duration and velocity of transport. Consistent
with the delay in Mad1 removal, however, the mean distance from
the spindle at the time of Mad1 disappearance was reduced in
nupb0A cells to 250 £ 370 nm (SD, n = 20 centromeres), compared
with wild-type cells, in which Mad1 disappeared at a mean dis-
tance of 740 + 790 nm (SD, n = 26 centromeres). Together these
observations are consistent with our conclusion that NPCs are a
sink for Mad1 localization that controls Mad1 association and dis-
sociation from kinetochores.

Mad1 localization to sister centromeres is reduced by half
after lateral attachment

Sister centromeres are retrieved to the spindle within 1 min, 49 s
(*1 min, 21 s; n = 87 cells) of capture. During this time, they can
switch from lateral to end-on attachment (Tanaka et al., 2005).
Finally, they biorient soon after arrival at the spindle (Tanaka et al.,
2005). We began our live-cell investigations assuming that Mad1
binding to the kinetochore reaches a new steady state within sec-
onds of establishing an attachment. However, the variability in the
events and timing associated with Mad1’s disappearance, and the
fact that Mad1 removal could be delayed by deletion of NUP60,
indicated that this assumption might not be valid (Figure 5 and Sup-
plemental Figures S5 and S6). Our results are consistent with the
possibility that either a lateral or an end-on attachment might be a
sufficient condition to license Mad1 removal from sisters after a ki-
netic delay. We were intrigued, however, that the intensity of Mad1
at sister centromeres diminished after their initial association with an
individual microtubule (e.g., Figure 5A, Supplemental Figures S5, A
and B, and S5, A and B, and Supplemental Video S3), a result ex-
pected if Mad1 is partially released after lateral attachment.

Minus end-directed lateral transport of kinetochores along mi-
crotubules is defective in kar3-64 cells at the restrictive tempera-
ture, and a majority of centromeres are transported toward the
spindle pole via end-on attachment to the depolymerizing microtu-
bule (Tanaka et al., 2007). However, a small subset of centromeres
(<5%) associate laterally with microtubules but fail to subsequently
form end-on attachments and translocate poleward, resulting in a
laterally attached standstill phenotype (see Figure 8A of Tanaka
et al., 2007). We exploited this phenotype in order to quantify the
intensity of Mad1 at laterally attached kinetochores. We first ob-
served the localization of Mad1 in kar3-64 cells at the restrictive
temperature of 37°C using real-time microscopy in live cells. As ex-
pected, a minority of kinetochores arrested with lateral attachments
to microtubules after capture in the absence of Kar3 function (Figure
6, A-C, and Supplemental Video S7). In such cells, the plus end of
the associated microtubule underwent successive switches be-
tween polymerization and depolymerization, with the plus end de-
polymerizing back to the centromeres several times but failing to
establish a stable end-on association (Figure 6D and Supplemental
Video S7). Meanwhile, Mad1 remained localized to laterally at-
tached centromeres throughout the observation period (Figure 6, A
and D, and Supplemental Video S7), although we again noted dimi-
nution of Mad1 intensity after lateral attachment (Figure 6, B and C).
We exploited our fixed-cell assay to quantitatively analyze Mad1
intensity in kar3-64 cells. At 15, 20, or 30 min after centromere reac-
tivation, we classified centromeres as detached or associated with
microtubules laterally (Figure 6E). Strikingly, we found that Mad1 at
sister centromeres that were laterally associated with microtubules
was reduced by 46% compared with fully detached sisters (p < 0.01,
Student's paired one-tailed t test; Figure 6F). Thus, in kar3-64 cells,
lateral attachment is sufficient to release about half of the bound
Mad1 from sister centromeres.
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Behavior of Bub1 at spindles and detached, newly
assembled kinetochores

In this study, we used Mad1 as a marker for spindle checkpoint activ-
ity at pairs of reactivated sister centromeres because it is a key
downstream component of the spindle checkpoint signaling path-
way. Because Bub1 and Mad2 actimmediately upstream and down-
stream of Mad1, respectively, in the recruitment pathway that links
spindle checkpoint proteins to kinetochores (Li and Benezra, 1996;
Chen et al., 1998; Gillett et al., 2004; London and Biggins, 2014;
Moyle et al., 2014), we also initiated studies of their dynamics. How-
ever, we were unable to study Mad2 using the centromere reactiva-
tion system because when we fused the 3xmCherry tag to the Mad2
N- or C-terminus using linkers of different lengths, cells exhibited
sensitivity to benomyl, the fusion protein did not localize to NPCs in
dividing cells or to kinetochores in nocodazole, and they showed a
checkpoint defect (Hoyt et al., 1991; Li and Murray, 1991; Gillett
et al., 2004). In contrast, we were able to generate a Bub1-
3xmCherry fusion protein that retained spindle checkpoint function
(Supplemental Figure S7A).

When we examined Bub1-3xmCherry localization using the cen-
tromere reactivation assay, we observed that some Bub1 already co-
localized with the spindle at the start of the observation period (5 min
after centromere reactivation) in 52% of cells (n = 185 cells; Figure 7,
A-D, Supplemental Figure S7B, and Supplemental Video S8). This
early localization is consistent with the observation that Bub1 is
detected at spindles in metaphase during the normal cell cycle
(Gillett et al., 2004). Bub1 was eventually detected at the reactivated
centromere in 74% of cells that exhibited detached centromeres
(n=119 cells; Figure 7, A-D, and Supplemental Video S8). Along the
same lines, among the cells in which Bub1 colocalized with the spin-
dle at the start of our observation and was later detected at the cen-
tromeres (n = 42 cells), Bub1’s accumulation at the centromeres was
accompanied by its disappearance from the spindle in at least 43%
of the cells (Figure 7, A-D, and Supplemental Video S8). Indeed, the
amount of Bub1 lost from the spindle was approximately the same as
that recruited to the centromeres on average, and the changes oc-
curred with similar kinetics at both sites (Figure 7, A-D, and Supple-
mental Video S8). Although photobleaching might partially contrib-
ute to Bub1’s disappearance from spindles, we also noted that the
intensity of Bub1 at the spindle and the centromeres fluctuated over
time, and these intensities varied inversely (Figure 7, E-G, Supple-
mental Figure S7, C and D, and Supplemental Video S9). Thus, as
Bub1 accumulated at centromeres, it disappeared from the spindle,
but, conversely, the amount of Bub1 that colocalized with the spindle
occasionally increased, and this increase was accompanied by a re-
duction of Bub1 at the detached centromeres (Figure 7, E-G, Sup-
plemental Figure S7, C and D, and Supplemental Video S9). To-
getherthese observations indicate that Bub1-binding sites associated
with the spindle and the detached centromeres directly compete to
recruit Bub1. Moreover, as with Mad1, the entire pool of available

Bub1 is small enough to be completely bound by its binding sites at
a single pair of sister centromeres.

We sought to determine whether Bub1 expression is required for
Mad1 localization in the context of de novo kinetochore assembly.
We expressed Bub1 fused to an auxin-inducible degron tag (AID*)
and the FLAG tag (Bub1-AID*-6xFLAG) at the endogenous BUB1
locus in a centromere reactivation strain also expressing OsTIR1-
9xMYC and Mad1-3xmCherry (Nishimura et al., 2009; Morawska
and Ulrich, 2013). As expected, Bub1 was degraded after treatment
of the cells with 250 pM auxin indole-3-acetic acid (IAA), decreasing
to 18% of the normal level after 60 min (Supplemental Figure S8A).
When we reactivated centromeres in the cells after 60 min of treat-
ment with 250 uM 1AA, we found that although centromere capture
and retrieval occurred normally, Mad1 recruitment to the centro-
meres was greatly diminished (Supplemental Figure S8, B-E, and
Supplemental Video S11), consistent with the placement of Bub1
upstream of Mad1 in the kinetochore recruitment pathway. More-
over, when we examined the timing of the final disappearance of
Bub1-3xmCherry from centromeres, we noted that Bub1 began to
disappear after their capture and was no longer detectable on aver-
age 46 s after retrieval was complete, 1 min, 30 s later than the tim-
ing of Mad1’s disappearance (Figure 8, Supplemental Figure S7D,
and Supplemental Video $10). Indeed, Bub1 continued to colocal-
ize with centromeres until after they were fully retrieved to the spin-
dle in the majority of cells, in contrast to Mad1 (17 of 29 centro-
meres; Figure 8D). Together these observations provide further
support the emerging model that Bub1 is the receptor for Mad1 at
kinetochores (Brady and Hardwick, 2000; Sharp-Baker and Chen,
2001; Gillett et al., 2004; Kim et al., 2012; Yamagishi et al., 2012;
London and Biggins, 2014; Moyle et al., 2014).

DISCUSSION

Here we used fluorescence imaging-based experiments to identify
factors that control Mad1’s kinetochore association and dissociation.
Due to the binding of Mad1 to both kinetochores and NPCs, we
considered that Mad1 might mediate a direct physical interaction
between the two structures. However, we found no evidence that
Mad1 mediates such an interaction (Figure 4 and Supplemental
Figures S3 and S4). In addition, Mad1's recruitment to kinetochores
does not require Mad1 localization to NPCs (Figures 2 and 5D and
Supplemental Video S6; Scott et al., 2005, 2009; Cairo et al., 2013).
To the contrary, more Mad1 accumulates at kinetochores when its
binding partners at NPCs are eliminated (Figures 2 and 5D and Sup-
plemental Video Sé). In light of these observations, we favor a
model in which Mad1 is recruited to detached kinetochores from a
nucleoplasmic pool of free Mad1 such that NPCs and kinetochores
compete to bind Mad1 (Figure 9A, left). Indeed, we found evidence
that available Mad1 is limiting, which has important implications for
the characteristics of the checkpoint response to kinetochore
detachment.

time points before imaging by epifluorescence microscopy. (A) Representative MIPs from each strain at each time point.
Scale bars, 1 pm. (B) Normalized Mad1 intensity at detached centromeres. Samples included at least 35 centromeres
(mean of 94, median 95) for each strain at each time point. (C) Normalized Mad1 intensity at spindles. Samples included
at least 174 spindle peaks (mean of 484, median of 458) for each strain at each time point. Mean of three independent
experiments is shown in B and C. Error bars represent SEM. Results from these experiments also appear in Figure 6, E
and F. (D, E) Wild-type cells were cultured as in A-C, except that the cells were synchronized in metaphase for 3 h at
25°C in the presence or absence of 15 ug/ml nocodazole and/or 1% DMSO. The cells were then released into synthetic
medium plus 2 mM methionine containing 2% glucose at 25°C in the presence or absence of nocodazole and/or DMSO
and then fixed and imaged as in A-C. (D) Representative MIPs from the strains at each time point. Scale bars, 1 pm.

(E) Normalized Mad1 intensity at detached centromeres. Samples included at least 51 centromeres (mean of 125,
median 95) for each strain at each time point. Error bars represent SEM. *p < 0.05.
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Asynchronously dividing cells were exposed to nocodazole for 0 to 150 min before fixation and imaging by
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with nocodazole (time zero). Bottom, same strain after treatment with nocodazole for 150 min. Representative MIPs.
(B) Number of detached Mtw1 spots per cell at the time points indicated from the experiment in A. (C) Localization of
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Mad1 localization responds disproportionately to the first
or last detached kinetochore

Because one detached chromosome is sufficient to delay anaphase
in a variety of organisms, a long-standing view is that the spindle
checkpoint response is “all or nothing” (Spencer and Hieter, 1992;
Rieder, 1994; Li and Nicklas, 1995; Pangilinan and Spencer, 1996).
How can such sensitivity be reconciled with quantitative studies in-
dicating that the strength of the spindle checkpoint response varies
with the number of detached kinetochores (Collin et al., 2013; Dick
and Gerlich, 2013)? Here we discovered in budding yeast that the
amount of Mad1 recruited to detached kinetochores is strongly af-
fected by perturbations that alter the abundance of kinetochore and
nonkinetochore binding sites for Mad1 (Figures 2 and 3). The con-
centration of free Mad1 is limited by its sequestration to NPCs to
such a degree that the amount available is less than saturating for
even a single pair of detached kinetochores (Figure 2). We also dis-
covered that detached kinetochores compete with Bub1-binding
sites associated with the spindle to recruit Bub1 and that the total
pool of Bub1 is so small that it can be fully depleted by just two
detached kinetochores (Figure 7 and Supplemental Figures S7, C
and D, and 9A, right). If Bub1 is the sole receptor for Mad1/2 at the
kinetochore (London and Biggins, 2014; Moyle et al., 2014; Supple-
mental Figure S8), then the low abundance of Bub1 would also im-
pose a strict limit on the amount of Mad1/2 that can be recruited to
kinetochores, on top of the limit imposed by sequestration of Mad1
to NPCs. Because detached kinetochores compete for access to
Mad1 and Bub1, cells with more than one chromosome detached
recruit less Mad1 per kinetochore than cells with only one detached
chromosome (Figures 3 and 7B). This may explain why the strength
of the kinetochore-derived checkpoint signal saturates at a low
number of detached kinetochores per cell (see Figure 5G of Dick
and Gerlich, 2013).

Although NPCs are disassembled during nuclear envelope
breakdown (NEB) in cells that undergo open mitosis, the Mlp ortho-
logues in Drosophila melanogaster and Aspergillus nidulans be-
come enriched in the vicinity of the spindle during mitosis, and it has
been suggested that this “spindle matrix” of Mlps corrals Mad1 to
maintain a high local concentration of Mad1 near kinetochores, fa-
cilitating its recruitment to kinetochores (Qi et al., 2004; Lee et al.,
2008; De Souza et al., 2009; Lince-Faria et al., 2009; Cairo et al.,
2013). In contrast, we propose that in budding yeast, the Mlps limit
the availability of Mad1/2 to kinetochores by sequestering Mad1/2
at NPCs.

The concentration of Mad1 and Mad2 strongly affects spindle
checkpoint signaling and cell physiology. Mitotic duration, a mea-
sure of checkpoint strength, scales with the amount of Mad2 re-
cruited to kinetochores, and the checkpoint is strongly inhibited by

reductions of Mad1, and especially Mad2, expression (Barnhart
etal., 2011; Collin et al., 2013; Heinrich et al., 2013). Their expres-
sion is reduced in many human tumors, and reducing expression of
either or overexpressing Mad?2 is sufficient to drive aneuploidy and
tumorigenesis in animal models (reviewed in Schuyler et al., 2012).
These observations are in accord with our proposal that the amount
of Mad1/2 that can bind kinetochores is minimal, even under normal
conditions (Figure 9, A and B). The distribution of Mad1/2 is dispro-
portionately affected by the number of detached kinetochores in
the context of one or only a few detachments precisely because of
this limited availability (Figure 9, A and B). As a consequence, the
spindle checkpoint will respond disproportionately to the first, or,
even more vitally, the final detached chromosome as a cell ap-
proaches anaphase. Rather than being “all or nothing,” the spindle
checkpoint of budding yeast is “nearly all or nothing.”

Lateral attachments satisfy the spindle checkpoint

Mad1 recruitment to kinetochores is key to controlling the meta-
phase—anaphase transition, but it is only part of the story. Failure to
silence the checkpoint after biorientation results in chronic cell
cycle arrest and loss of viability (Hardwick et al., 1996; Farr and
Hoyt, 1998; Pinsky et al., 2009; Meadows, 2013). Because Mad1’s
kinetochore localization is sufficient to induce metaphase arrest
(Maldonado and Kapoor, 2011; Ballister et al., 2014; Kuijt et al.,
2014), we also investigated which event or condition triggers Mad1
removal from kinetochores. In metazoan cells, Mad1/2 may be re-
moved in part by cytoplasmic dynein, a microtubule motor believed
to move Mad1/2 from kinetochores toward spindle poles after ki-
netochores attach to microtubules (Howell et al., 2000, 2001; Chan
et al., 2009). Budding yeast do not undergo NEB, however, and
yeast dynein appears to be excluded from the nucleus and to not
contribute to kinetochore attachment (Sheeman et al., 2003; Tanaka
et al., 2007). A possible budding yeast protein that could provide
this activity of metazoan dynein is Kar3, the only minus end—directed
motor in the nucleus, which supports lateral attachment and pole-
ward transport, like metazoan dynein (Rieder and Alexander, 1990;
Tanaka et al., 2005, 2007; Yang et al., 2007). Yet Kar3 colocalizes
with centromeres during retrieval (Tanaka et al., 2007), and we never
observed Mad1 moving toward the spindle poles ahead of centro-
mere transport (Figure 5). Thus it seems unlikely that Kar3 strips
Mad1 from kinetochores.

In our real-time imaging studies, we noted an unanticipated
variation in the timing of Mad1 removal from centromeres consis-
tent with a kinetic delay (Figure 5). This was also true of Bub1
(Figure 8). Because removal of Mad1 (and Bub1) might require en-
zymatic removal of checkpoint-activating phosphorylations by pro-
tein phosphatase | (Lesage et al., 2011; Funabiki and Wynne, 2013;

spots in cells expressing Mtw1-3xGFP, Spc42-CFP, and Nsg1-mCherry. (i) Representative MIP of a cell containing two
Mtw1 spots (blue pluses), one detached and one attached (open and closed arrows, respectively). White circles depict
the automated fit to the Nsg1 fluorescence in same planes as the Mtw1 spots. (ii) Fit to Nsg1 fluorescence (left) and
localization of the detached spot (right). Images are the sum of fluorescence in the peak-intensity plane of the spot of
interest (blue plus) and the two adjacent planes after Gaussian filtering and background subtraction. White lines depict
the trace used to measure distance of the spot from the center and the periphery. The three larger concentric circles
delineate three subnuclear zones of equal area (see iv also). (iii) Fluorescence intensity profiles across the lines shown in
ii. Blue x marks the Mtw1 centroid, and red x marks the nuclear boundary. (iv) Cartoon illustrating the mathematical
relationship between the nuclear radius (r) and the boundaries of the three concentric subnuclear zones of equal area.
(D-F) Subnuclear localization distributions of Spc42 spots in cells expressing Spc42-GFP and Nsg1-mCherry at time
zero, before nocodazole addition (D) and Mtw?1 spots that colocalized with Spc42 (E) or not (F) in cells expressing
Mtw1-3xGFP, Spc42-CFP, and Nsg1-mCherry. Dotted lines at 33.3% in D-F represent the expected fraction of spots

that should appear in each zone if the spots are randomly localized.
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Primorac et al., 2013; London and Biggins, 2014), we postulated
that the disappearance of Mad1 from kinetochores after the estab-
lishment of a satisfactory attachment might depend on both the
turnover of Mad1 at kinetochores and the kinetics of such enzy-
matic modifications that reduce the affinity of Mad1 for kineto-
chores. Bearing this in mind, we sought to disrupt mechanical tran-
sitions after capture, reasoning that by arresting centromeres at an
intermediate stage of retrieval, enzymatic alterations of the kineto-
chore might reach a steady state. In that case, the amount of Mad1
detected at the centromeres should more closely report on the suit-
ability of the attachment with respect to the spindle checkpoint. To
this end, we were able to observe kinetochores arrested with lateral
attachments, in an organism in which each kinetochore only inter-
acts with one microtubule, for as long as 17 min by exploiting the
kar3-64 mutant (Figure 6; Tanaka et al., 2007). This mutant afforded
us the ability to directly observe that lateral attachments cause
Mad1 to dissociate from kinetochores.

Many studies have examined whether the spindle checkpoint
monitors attachment to microtubules, tension between sister biori-
ented kinetochores, or both (Mclntosh, 1991; Li and Nicklas, 1995;
Rieder et al., 1995; Pinsky and Biggins, 2005) but little attention has
been paid to whether the checkpoint distinguishes lateral attach-
ments, which are the initial mode of kinetochore-microtubule asso-
ciation, from end-on attachments (Merdes and De Mey, 1990;
Rieder and Alexander, 1990; Tanaka et al., 2005; Gachet et al.,
2008). An unusual budding yeast mutant, dam1-765, fails to delay
anaphase or recruit Mad1 to spindles despite indirect evidence that
a subset of its kinetochores may be uncoupled from microtubule
ends during metaphase (Shimogawa et al., 2006, 2010). However,
whether kinetochore attachments in dam1-765 yeast are function-
ally equivalent to the lateral attachments formed initially upon
capture is not clear (Kitamura et al., 2007; Shimogawa et al., 2010).
Another study in fission yeast examined whether sister kinetochores
are relieved of Mad2 upon lateral capture but failed to detect its
disappearance from kinetochores until after retrieval to the spindle
was complete (Saitoh et al., 2008). However, our observations sug-
gest that Mad1/2 removal might be kinetically delayed after attach-
ment (Figure 5). Moreover, because three to four microtubules bind
to each fission yeast kinetochore (Ding et al., 1993), attachment of
sister kinetochores to just one microtubule in this organism may re-
sult in an effect too subtle to detect.

In our studies, we were able to measure Mad1 levels at two sister
kinetochores bound to one microtubule in the kar3-64 mutant and
found that amount of Mad1 at laterally arrested centromeres was
half that of fully detached sister centromeres (Figure 6E). Although
we cannot exclude the possibility that the Mad1 we detected was
distributed proportionally between both sisters due to the subdif-
fraction colocalization of sister kinetochores under these conditions,

we suggest that a likely possibility is that Mad1 is eliminated specifi-
cally from the one sister centromere that interacts directly with the
capturing microtubule. Our data support a model in which the spin-
dle checkpoint interprets the attachment status of each sister kinet-
ochore independently and lateral association to a microtubule suf-
fices to license Mad1 removal from the attached sister (Figure 9C).
Moreover, because laterally attached centromeres lack tension, the
data strongly support the possibility that the primary defect moni-
tored by Mad1 in budding yeast is attachment.

MATERIALS AND METHODS

Strain culture and construction

All yeast strains were W303 derivatives (Supplemental Table S1). We
created haploid strains bearing multiple genomic modifications by
mating and sporulation. To construct an integrating vector for tag-
ging Mad1 with 3xmCherry, we amplified a 3" fragment of the
MAD1 open reading frame (ORF) corresponding to nucleotides
1593-2250 from yeast genomic DNA and ligated the fragment into
pRS305::3xmCherry (Markus et al., 2009) between the Sall and
BamHI restriction sites, creating pDD2405 (pRS305::MAD1(1593-
2250)-3xmCherry). We integrated the plasmid by linearizing it with
SnaBl restriction enzyme. To tag Bub1 with 3xmCherry, we ampli-
fied a 3’ fragment of the BUBT ORF (nucleotides 255-3066) from
yeast genomic DNA and inserted it into pRS305::3xmCherry,
as in the foregoing, creating pDD2447 (pRS305::BUB1(255-3066)-
3xmCherry). We integrated the plasmid by linearizing it with HindlIl.
We confirmed that Mad1-3xmCherry and Bub1-3xmCherry retain
spindle checkpoint function by comparing the growth of cells
expressing the fusion protein to wild-type cells and madTA yeast
(Supplemental Figures S1D and S7A). Whereas mad1A and bub1A
yeast grow poorly in the presence of benomyl due to a failure to
arrest in metaphase despite microtubule destabilization, the growth
of MAD1-3xmCherry and BUB1-3xmCherry yeast is indistinguish-
able from that of wild type (Supplemental Figures S1D and S7A,;
Hoyt et al., 1991; Li and Murray, 1991). We constructed other fluo-
rescent protein fusions and gene deletions in diploid yeast using
standard methods of PCR product-mediated recombination
(Longtine et al., 1998). All other genetic constructs were derived
from strains described previously by others.

We routinely cultured strains bearing GAL1pr-CEN3-TetR and
MET3pr-CDC20 in synthetic minimal medium lacking methionine
supplemented with 2% dextrose and essential nutrients at 25°C. To
prevent accumulation of the red pigment P-ribosylamino imidazole,
strains bearing pRS412 were cultured using synthetic medium lack-
ing adenine supplemented with 2% dextrose and essential nutri-
ents at 25°C. Otherwise, yeast were routinely grown using yeast
extract/peptone (YP) medium with 2% dextrose at 25°C. To prepare
benomyl plates, we made fresh benomyl stocks at 10 mg/ml in

FIGURE 5: Mad1 removal from sister centromeres after capture. Wild-type, nup53A, and nup60A cells expressing
Mad1-3xmCherry, GFP-Tub1, and TetR-GFP and bearing MET3pr-CDC20 and GAL1pr-CEN3-TetOs were grown for 3 h
at 25°C in YP medium plus 2 mM methionine, 2% raffinose, and 2% galactose to synchronize cells in metaphase and
inactivate CEN3. The cells were then released into synthetic medium plus 2 mM methionine containing 2% glucose at
25°C to reactivate CEN3 and examined by live-cell epifluorescence microscopy, taking z-stacks every 10 s after
centromere reactivation. Representative deconvolved, Gaussian-filtered MIPs are shown in A-D; scale bars, 1 pm.
(A-D) Time series showing Mad1 disappearance from sister centromeres after capture. Note that the time intervals
depicted vary across the strains in order to show key events. The blue dashed boxes surrounding the first frame of each
time series highlight the corresponding regions of the expanded views shown in Supplemental Figure S5 and
Supplemental Videos S3-Sé. (E) Key for A-D. (F) Timing of Mad1’s final disappearance from centromeres relative to the
completion of capture. The completion of capture was defined as the first frame in which the centromeres could no

longer be resolved from the spindle. Error bars represent SD. *p < 0.05.
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Mad1 localization to sister centromeres associated laterally with microtubules. (A-D) kar3-64 cells expressing
Mad1-3xmCherry, GFP-Tub1, and TetR-GFP and bearing MET3pr-CDC20 and GAL1pr-CEN3-TetOs were grown for
2.25 h at 25°C in YP medium plus 2 mM methionine, 2% raffinose, and 2% galactose to synchronize cells in metaphase
and inactivate CEN3. The cells were shifted to 37°C, a restrictive temperature for both mutants, for 45 min, and then
released into synthetic medium plus 2 mM methionine containing 2% glucose at 37°C. Cells were then examined by
live-cell epifluorescence microscopy at 37°C, taking z-stacks every 14.4 s after centromere reactivation. Deconvolved,
Gaussian-filtered MIPs are shown in A (Supplemental Video S7). (A) Time series of a representative cell in which the
sister centromeres became laterally arrested. (B) Kymograph of a series of images approximately centered on the
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DMSO. The final concentration of DMSO in benomyl and negative
control plates was 0.2% in YP agarose plates with 2% dextrose. For
serial dilution assays, we grew yeast overnight to saturation, ad-
justed each strain to ODggg = 1, and then made 10-fold serial dilu-
tions, spotting 4 pl of each onto agar plates.

Epifluorescence microscopy

For cell fixation, we suspended cell pellets in 4% paraformaldehyde
plus 3.4% sucrose, fixing for 10 min at room temperature, before
washing with three times with 1 ml of 100 mM potassium phos-
phate, pH 7.5, plus 1.2 M sorbitol. We stored fixed cells in phos-
phate/sorbitol buffer at 4°C and imaged within 48 h. For both live-
and fixed-cell imaging, we allowed the cells to settle and adhere to
concanavalin A (ConA)-coated, 25-mm round #1.5 glass coverslips
(Warner Instruments, Hamden, CT) for 7 min before washing four
times with 1 ml of wash medium while observing the cells in bright
field in order to adjust the density of cells. For fixed cells, we used
phosphate-buffered saline, pH 7.4, at room temperature for washes
and imaging. For live-cell imaging, washes are described later.

For 25°C and fixed-cell imaging, we used a Nikon Eclipse Ti
microscope (Nikon Instruments, Melville, NY) controlled by Meta-
Morph (Molecular Devices, Sunnyvale, CA) equipped with a Plan
Apo VC 100x/1.4 Oil OFN25 DIC N2 objective (with Type NF
immersion oil, Nikon), a MOV-2000 piezo stage (Applied Scientific
Instrumentation, Eugene, OR), a Perfect Focus System (Nikon), a
temperature-controlled enclosure system (InVivo Scientific, St.
Louis, MO), and a Neo sCMOS camera (Andor Technology, South
Windsor, CT; 65-nm effective pixel size). We used the SPECTRA X
Light Engine (Lumencor, Beaverton, OR) for excitation with a 470/22-
nm single-band bandpass excitation filter for GFP, a 575/25-nm
single-band bandpass excitation filter for mCherry, and a 524/628-
nm dual-band bandpass filter for GFP/mCherry emission (Brightline;
Semrock, Lake Forest, IL).

For 37°C imaging, we used an Olympus IX81 microscope
(Olympus America, Center Valley, PA) controlled by MetaMorph
equipped with a 100x/1.40 PlanApo Oil «/0.17 objective, a
WeatherStation temperature controller (PrecisionControl, Farming-
ton Hills, MI), and an ORCA-R? camera (Hamamatsu Photonics,
Hamamatsu, Japan; 64.5-nm effective pixel size). We used Type
37LDF immersion oil (Cargille Labs, Cedar Grove, NJ). Excitation
light was attenuated using neutral density filters. For GFP, we used
a 488-nm argon-ion laser (Melles Griot, Albuquerque, NM) with an
HQ 480/40-nm excitation filter and Q 505 long-pass and HQ
535/50-nm emission filters (Chroma Technology, Bellows Falls, VT).
For mCherry, we used a 561-nm diode-pumped solid-state laser
(Melles Griot) with HQ 565 nm long-pass and HQ 620/60-nm emis-
sion filters (Chroma Technology).

Centromere reactivation assay
The centromere reactivation assay was described previously (Sup-
plemental Figure S1; Tanaka et al., 2005). Specifically, we grew

strains to mid logarithmic growth phase in synthetic methionine-
dropout medium plus 2% raffinose before inoculating 2-ml cultures
of cells to 0.2 ODgqg unit/ml of methionine- and galactose-contain-
ing medium (YP, 2% raffinose, 2% galactose, and 2 mM methionine)
to arrest cells in metaphase and detach CEN3s. We allowed the
strains to grow for 3 h at 25°C, or for 2.25 h at 25°C and then for
45 min at 37°C, before resuspending them in synthetic tryptophan-
dropout medium, 2% raffinose, 2% galactose, and 2 mM methio-
nine, and then prepared cells for imaging. For live imaging, we con-
centrated the cells to 100 pl and transferred 50 pl of the cells to
ConA-coated coverglass to adhere (described earlier). We washed
the cells using synthetic tryptophan-dropout medium plus 2 mM
methionine before reactivating the centromeres with 1 ml of syn-
thetic tryptophan-dropout medium and 2% dextrose plus 2 mM me-
thionine. Movies were acquired by taking three images at 0.7-um
spacing centered on a medial focal plane, alternating between red
and green acquisitions. For experiments at 25°C, stacks were ac-
quired every 10 s. For experiments at 37°C, stacks were acquired
every 14.4 s. For the auxin-inducible degron system, we freshly pre-
pared a 500 mM stock of IAA in DMSO. After culturing cells in me-
thionine- and galactose-containing medium for 2.5 h at 25°C, we
treated them with 250 pM IAA for the times specified in the text,
and we included 250 pM IAA in the wash and centromere reactiva-
tion media.

For fixed-cell imaging after centromere reactivation, we washed
live cells twice with 500 pl of synthetic tryptophan-dropout medium
plus 2 mM methionine and then reactivated the centromeres by re-
suspending the cells in 1 ml of synthetic tryptophan-dropout me-
dium and 2% dextrose plus 2 mM methionine before pelleting the
cells and fixing them at the appropriate time point. For time zero,
cells were fixed immediately after washing. The cells were main-
tained at 25 or 37°C using a water bath, as appropriate, until fixa-
tion. Images of fixed cells were acquired by taking 27-29 images at
0.2-pm spacing centered on a medial focal plane.

Image processing

We used ImageJ (National Institute of Health, Bethesda, MD) for
image cropping, setting intensity ranges, maximum intensity pro-
jections (MIPs), kymographs, time stamps, and scale bars. We used
lllustrator CS6 (Adobe Systems, San Jose, CA) for all other image
annotation. We used MATLAB (MathWorks, Natick, MA) for
programmatic image analysis. For automated spot and nucleus
identification, we applied Laplacian of Gaussian filters and thresh-
olding. For automated centroid calculation, intensity measure-
ments, and localization of nuclear boundaries, we applied a Gauss-
ian filter to the raw image data. These transformations were
applied to obtain the data presented in Figures 2, B and C, 3, B
and C, 4, C and F, and 6E and Supplemental Figures S3B and S4.
We created a custom MetaMorph macro to perform nearest-
neighbors deconvolution on the z-stack from each time point (set-
tings: filter size, 9; scaling factor, 0.97; result scale, 25; suppress

centromeres in A. (C) Mad1 intensity at the centromeres in A and B normalized by taking the ratio of the mCherry signal
to the associated GFP intensity (dots). A color-coded sliding window average of five frames is also shown.

(D) Kymograph along the axis connecting the spindle to the centromere after capture. (E, F) Cells of the same strain as
in A-D were fixed after centromere reactivation at 15, 20, and 30 min before imaging by epifluorescence microscopy.
(Data are from the same experiments as in Figure 3.) (E) Representative MIPs of laterally attached centromeres
identified in fixed kar3-64 cells. (F) Normalized Mad1 intensity at detached and laterally attached sister centromeres.
Mean of three independent experiments. Samples were 222, 292, and 315 detached centromeres and 16, 20, and

29 laterally attached centromeres, respectively. Error bars represent SEM. **p < 0.01. Scale bars, 1 pm.
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FIGURE 7: Bub1 localization to spindles and de novo assembled kinetochores. Cells expressing Bub1-3xmCherry,
GFP-Tub1, and TetR-GFP and bearing MET3pr-CDC20 and GAL1pr-CEN3-TetOs were grown for 3 h at 25°C in YP
medium plus 2 mM methionine, 2% raffinose, and 2% galactose to synchronize cells in metaphase and inactivate CEN3.
The cells were then released into synthetic medium plus 2 mM methionine containing 2% glucose at 25°C to reactivate
CEN3 and then analyzed by epifluorescence microscopy beginning 5 min later, taking z-stacks every 10 s.
Representative deconvolved, Gaussian-filtered MIPs are shown in A and E. Scale bars, 1 pm. The blue dashed boxes
surrounding the first frames of A and E highlight the corresponding regions of the expanded views shown in
Supplemental Figure S7, B and C, and Supplemental Videos S8 and S9. (A) Time series showing the accumulation of
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noise; A = 507 for GFP and A = 610 for mCherry) and then convert
the resulting stacks into a MIP series. We smoothed the resulting
MIPs in ImageJ with a Gaussian filter (radius, 1 pixel) and normal-
ized the series to adjust for photobleaching. These transforma-
tions were applied to all real-time imaging data (images in Figures
1 and 5-8, Supplemental Figures S2, S5, S7, and S8, and all vid-
eos). All kymographs were generated in ImageJ using the straight-
line and reslice stack tools (settings: output spacing, 1 pixel; slice
count, 15; and avoid interpolation). We present SD projections of
the resulting 15-kymograph stacks to distinguish pixels with large
variations in intensity (Figures 6, B and D, 7, B and F, and 8B and
Supplemental Figures S2, B, D, and S5, B, D, F, and H). We made
kymographs of aligned centromere spots symmetrical in the space
dimension by averaging them with their mirror images (Figures 6B,
7, B and F, and 8B and Supplemental Figure S2, B and D). All non-
deconvolved z-stack images are shown as MIPs, except Figure 4Cii
(Figures 2A, 3, A and D, 4A, and 6E). Minimum and maximum in-
tensities were set after all other transformations and adjusted to
the same values for all images within a given experiment before
finally converting the 16-bit images to 8-bit.

Quantitative analysis of subnuclear localization

and fluorescence intensities

To detach kinetochores by microtubule depolymerization in liquid
cultures, we treated asynchronously dividing cells with 15 pg/ml
nocodazole (final) from a 100x stock dissolved in DMSO for the
indicated times. Cells at time zero were not treated with no-
codazole. For comparison of GAL gene cluster enrichment at the
nuclear periphery across experimental conditions (Supplemental
Figure S3B), asynchronously dividing cells bearing GAL-LacOs
and expressing Lacl-GFP and Nsg1-mCherry were cultured in me-
dium containing raffinose until log phase and then switched to
medium containing the indicated carbon sources for 2 h before
fixation and imaging by epifluorescence microscopy, as in Green
etal. (2012).

To analyze the subnuclear distribution of fluorescent spots in
fixed cells in a semiautomated manner, we created custom rou-
tines using MATLAB. The program identifies all fluorescent spots
in all planes, and then, for each spot, the program 1) localizes
the center of mass of the spot within its plane of maximal inten-
sity, 2) calculates the center of the nucleus in the same plane with
reference to a marker for the nuclear periphery (Nsg1-mCherry),
3) identifies the location of the nuclear boundary relative to the
spot using the same marker, and 4) assigns the spot to one of
three concentric subnuclear zones of equal area, as in Taddei
et al. (2006) and Dieppois et al. (2006) (Figure 4D and Supple-
mental Figure S3B). We tested our localization accuracy by local-
izing nuclear features with known spatial distributions as controls.
When we quantified the distribution Spc42, which is at the outer
plane of the nuclear envelope, nearly 94% of Spc42 spots were

appropriately assigned to outermost nuclear zone (Figure 4D;
Jaspersen and Winey, 2004). In the presence of nocodazole, at-
tached kinetochores cluster in close proximity to SPBs via inter-
actions with short microtubules that persist in the presence of
the drug. As expected, attached kinetochores were also dispro-
portionately localized to the outermost zone, even after no-
codazole treatment (Figure 4E). Finally, we examined the local-
ization of the GAL gene cluster under various conditions using
our algorithm and obtained results in close agreement with
those of Cabal et al. (2006) and Green et al. (2012) (Supplemen-
tal Figure S3B). We concluded that the algorithm can accurately
detect the enrichment of objects near the nuclear envelope and
is sensitive to localization changes resulting from experimental
perturbations.

For manual localization of spots (Supplemental Figure S3C),
raw image stacks were analyzed in ImageJ. We first determined
the coordinates of the peak-intensity pixel of a spot, then assigned
the spot to a subnuclear zone by approximating the distance to
the nearest nuclear boundary and the diameter of the nucleus
along the same line. The nuclear boundaries were defined as the
Nsg1 peak-intensity pixels at either extreme of the nucleus along
the line.

We created variants of our localization program to allow user-
based classification of spots (e.g., classification of kinetochores as
attached or detached by reference to Spc42; Figures 2, B and C,
3,Band C, 4, C, E, and F, and 6F) and/or to calculate the intensities
of spots (Figures 2, B and C, 3, B and C, and 6 and Supplemental
Figure S4). These programs are available in the Supplemental Mate-
rial. For quantification of Mad1 intensities at detached CEN3s, spin-
dles, or laterally attached CEN3s (Figures 2, B and C, 3, B and C,
and 6F), we measured the mCherry and GFP intensities in the re-
gion surrounding the GFP peaks in the maximum intensity plane
using the signal and background masks depicted in Supplemental
Figure S3D. After background subtraction, we calculated the nor-
malized Mad1 intensity by dividing the mCherry signal by the GFP
signal.

To classify Mtw1 spots as detached based on their fluorescence
intensity (Supplemental Figure S4), we estimated an appropriate
intensity threshold. Mtw1 spots at time zero exhibited a mean in-
tensity of 871 AU (£553 SD, n= 2611 spots), and fitting the data to
a Gaussian function gave a distribution centered on 719 AU (+576
SD, R? = 0.93; Supplemental Figure S4D). Treatment with no-
codazole broadened the distribution over time (Supplemental
Figure S4D), as microtubule instability causes spindles to collapse
or separate into halves containing a random subset of kinetochores
(Figure 4A). A distinct population of dim Mtw1 spots accumulated
in response to nocodazole that is likely correspond to individual
detached kinetochores of unreplicated chromosomes and pairs of
detached sister kinetochores (Supplemental Figure S4D). We fitted
the intensity histograms in Supplemental Figure S4D for times after

Bub1-3xmCherry at the reactivated centromeres and its disappearance from the spindle, marked by GFP-Tub1
(Supplemental Video S8). (B) Kymographs from the cell in A, made from 15 x 15 boxes approximately centered on the
centromeres (top) and 19 x 19 boxes approximately centered on the spindle (bottom). (C) Absolute (i.e., not normalized)
intensity of Bub1 at the centromeres and spindle shown in A and B. (D) Absolute intensity of Bub1 at the centromeres
and spindle, averaged across the cells in which Bub1 recruitment to the centromeres was accompanied by its
disappearance from the spindle. Error bars represent SD. (E) Time series of a cell in which Bub1 alternately accumulated
at the centromeres or the spindle and its accumulation at one site was accompanied by its disappearance from the
other site (Supplemental Video S9). (F) Kymographs from the cell in E, made as in B. (G) Absolute intensity of Bub1 (not
normalized) at the centromeres and spindle shown in D and E. Arrows above the graph refer mark the frames depicted

in E. Color-coded sliding window averages of five frames are also shown.
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FIGURE 8: Bub1 removal from sister centromeres after capture. Cells expressing Bub1-3xmCherry, GFP-Tub1, and
TetR-GFP and bearing MET3pr-CDC20 and GAL1pr-CEN3-TetOs were treated as described in Figure 7. Representative
deconvolved, Gaussian-filtered MIPs are shown in A. Scale bars, 1 pm. (A) Time series showing Bub1 disappearance
from sister centromeres after capture. The blue dashed boxes surrounding the first frame highlights the corresponding
regions of the expanded views shown in Supplemental Figure S7D and Supplemental Video S$10. (B) Kymograph from
the cell in A, made from 15 by 15 boxes approximately centered on the centromeres (top). (C) Bub1 intensity at the
centromeres in A and B normalized by taking the ratio of the mCherry signal to the associated GFP intensity (dots). A
color-coded sliding window average of five frames is also shown. (D) Timing of the final disappearance of Bub1-
3xmCherry and Mad1-3xmCherry from centromeres relative to the completion of capture. The completion of capture
was defined as the first frame in which the centromeres could no longer be resolved from the spindle. Error bars
represent SD. *p < 0.05.

nocodazole treatment to the sum of an exponential functionand a  obtained a mean of 82.4 AU (+36.2 SD) for the peak. Using this
Gaussian function in order to approximate the center of the peak  information, we selected 150 AU, approximately 2 SDs above the
at the left (not depicted). We averaged the Gaussian-fit centers mean, as the threshold for “dim” kinetochores (Supplemental
across the five time points after treatment with nocodazole and Figure S4, E and F).
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FIGURE 9: Model for spindle checkpoint surveillance of kinetochore-microtubule attachment.
(A) After de novo kinetochore assembly, Mad1 is recruited to kinetochores from the
nucleoplasmic pool of free Mad1 (left). The concentration of this unbound pool at steady state is
limited by the abundance and affinities of Mad1 receptors at kinetochores and nonkinetochore
binding sites, including NPCs and Mlp foci in budding yeast, or the spindle matrix in metazoan
cells (left). Bub1-binding sites at detached kinetochores directly compete with Bub1-binding
sites at the spindle for a limited amount of Bub1. The entire available pool can be recruited to a
single pair of kinetochores (right). (B) Perturbations that disrupt Mad1 binding to
nonkinetochore sites increase the pool of free Mad1, allowing Mad1 binding sites at detached
kinetochores to be more fully occupied (left). Normally, however, sequestration of Mad1 to
nonkinetochore binding sites restricts its availability, so detached kinetochores compete for a
subsaturating pool of Mad1 (right). The number of Mad1 molecules bound to each detached
kinetochore decreases as the number of detached kinetochores increases, making Mad1’s
kinetochore localization disproportionately affected by the first or last detached kinetochore.
(C) Mad1 interprets the status of each sister kinetochore independently. Thus lateral attachment
of sisters to a microtubule licenses Mad1 removal from the laterally attached sister. The precise
timing of Mad1 disappearance, however, is variable, likely due to the kinetics of enzymatic
modifications of the kinetochore that reduce Mad1 affinity after attachment.

Statistical analysis

We fitted data for Mad1 accumulation at centromeres to the sig-
moidal binding equation, (Byin — Bmad/(1 + elimehalfimel/rate) +
Brax, and made statistical comparisons of the curve-fitting results
using the extra sum-of-squares F test in GraphPad Prism (GraphPad
Software, San Diego, CA; Figures 2B and 3B). For comparisons of
Mad1 intensities on spindles in mutants versus wild type at indi-
vidual time points, we used the Student’s t test (unpaired, one-
tailed) for each of three independent experiments (Figures 2C and
3C) and combined p values across independent experiments using
Fisher's method. For comparison of GAL gene cluster enrichment
at the nuclear periphery across experimental conditions (Supple-
mental Figure S3B), we used the one-tailed Fisher's exact test for
each comparison from each of three independent experiments and
combined p values across independent experiments using Fisher’s
method. For comparison of the timing of Mad1 removal from cen-
tromeres in different strains, we used the Student’s t test (unpaired,
one-tailed; Figure 5F). To compare the timing of Bub1 removal to
Mad1 removal, we used the Student’s t test (one-tailed) with
Welch’s correction (Figure 8D). For comparison of Mad1 intensity at
detached kinetochores to laterally attached kinetochores, we used
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the Student’s t test (paired, one-tailed;
Figure 6F). For all experiments subjected to
multiple-hypothesis testing, we corrected
the p values with the Holm-Bonferroni
method using the baseline significance
threshold (o) of 0.05. We report significant
results as either p < 0.05 or p < 0.01.

Immunoblotting

We arrested strains in metaphase with their
centromeres detached as in the centromere
reactivation experiments at 25 or 37°C, ex-
cept for an Nsg1-mCherry control strain that
we grew to mid log phase in YP/dextrose.
We then prepared whole-cell extracts by tri-
chloroacetic acid precipitation, loaded ex-
tracts onto a 10% SDS-PAGE gel, and trans-
ferred them to a 0.45-um nitrocellulose
membrane that we blocked for 30 min with
2% milk Tris-buffered saline (pH 7.5) plus
0.05% Tween 20 (TBS-T). To obtain a spe-
cific signal with polyclonal anti-RFP
(Rockland Immunochemicals, Gibertsville,
PA), it was necessary to pre-deplete the an-
tibody using an acetone powder of yeast
from an isogenic strain lacking Mad1-
3xmCherry. We flash froze a cell pellet in
liquid Ny, pulverized the cells using a 6870
Freezer/Mill (SPEX SamplePrep, Metuchen,
NJ), and resuspended the powder in 10 vol-
umes of —20°C acetone, precipitating on ice
for 1 h before recovering the powder by
centrifugation at 3000 x g for 5 min. The
powder was dried by evaporation and
stored in the dark at room temperature. We
diluted anti-RFP 1:200 into 2% milk TBS-T
containing 10 mg/ml yeast acetone powder,
adsorbing the nonspecific antibodies over-
night at 4°C on a rotating agitator. We then
recovered the supernatant after centrifuga-
tion at 3000 x g for 10 min. We first incu-
bated the nitrocellulose membrane with the pre-depleted anti-RFP
supernatant at 4°C overnight and then incubated the membrane
with 1:15,000 anti-Pgk1 (Molecular Probes, Carlsbad, CA) in 2%
milk TBS-T for 1 h at room temperature. Between antibodies, we
washed the membrane three times for 10 min each using TBS-T at
room temperature. Detection was performed using fluorescent sec-
ondary antibodies and imaged using the Odyssey system (LI-COR
Biosciences, Lincoln, NE).
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